Purpose. To determine the fate of donor epithelial, stromal, and endothelial cells after corneal transplantation in humans.
Introduction.
In 1905 Zirm performed the first successful human corneal transplant. One hundred years later, corneal transplantation (penetrating keratoplasty) is a well-established and successful treatment modality for a range of corneal pathologies. In the United States it is estimated that around 50 000 surgeries are performed each year while in Sweden, with a population of 9 million, 500 -600 corneal transplants are carried out annually according to the Swedish Corneal Register. 1 While the majority of corneal transplants are successful, an overall twoyear rejection rate of 15% in Sweden has been reported 1 while in so-called high-risk cases the rejection rate can be much higher. 2 These events underscore the need for a more complete understanding of the pathogenesis of immune rejection after keratoplasty in the normally avascular, transparent, immune-privileged cornea. Of particular interest in this regard are the interactions between the recipient cornea and the new graft at the cellular level where healing, antigen activity, and the ultimate transparency of the cornea are mediated. Unfortunately, these cellular interactions are not well understood; even the basic question as to whether donor cells survive after transplantation is a fundamental biological problem that to this day remains unanswered. In fact, this important question has been the source of scientific discussion and debate ever since Zirm first showed that penetrating keratoplasty could be performed in humans. An excellent review of the literature relevant to this question was presented by Dohlman 3 and later by Wollensak and Green. 4 while donor keratocytes were found in only three grafts, with a maximum survival time of 4.5 years. They concluded that "all cell types of corneal transplants tend to be replaced by recipient cells in the long term", although "individual variability in the process of replacement exists." Moreover, they proposed further studies investigating donor cell replacement in transparent, clinically-successful transplants, as their study was limited to failed grafts.
In the present study, we re-examined the question of donor cell survival in the corneal transplant by applying the FISH technique to a larger sample of freshly-explanted corneal buttons at re-operation -a small subset of which were transparent, otherwise successful grafts removed for refractive reasons. the explanted buttons were fixed in formalin for 24 hours, then placed in 70% ethanol and sent to a single laboratory at Gothenburg University for histochemical preparation. Eight specimens were unsuitable for analysis leaving a study sample of 52 corneal buttons.
Recipients were distributed almost equally between female (24) and male (28), with a mean recipient age of 64.7 ± 15y (mean ± SD) at the time of re-operation. The time from initial penetrating keratoplasty to removal of the original donor button at re-operation ranged from 3 months to 32 years. The most common indications for the primary transplant were keratoconus (22 cases) and corneal edema (12 cases). The main indication for re-operation was decompensation of the graft (described in clinical records as edema, endothelial rejection, or graft failure), however ten non-edematous, compensated grafts were removed for other reasons, eight of which were substantially or completely transparent. Details of the patients and the explanted corneal buttons are given in Table 1 .
Histological pre-treatment
In the laboratory, the formalin-fixed, ethanol-immersed corneal buttons were dehydrated and embedded in paraffin. Two full cross-sections (5μm thickness) were cut from the center of hybridisation (FISH) analysis of the sex chromosomes was then performed. The FISH technique has been described in detail elsewhere 5 and is outlined briefly below.
FISH procedure
The samples were fixed in a 3:1 Et-OH/acetic acid solution at room temperature for 15 min. All cell counts were performed by a single observer, and two transverse sections from each corneal button were used for cell counting. Cell nuclei were identified as being male-or female-derived based solely upon the presence of two orange signals (female) or a green and orange signal (male) within a single nucleus. At least 100 nuclei from the epithelium and at least 100 nuclei from the stroma were counted from each button. The endothelium, however, was missing in eight specimens and less than 30 endothelial cells were found in nine specimens, so these buttons were excluded from endothelial analysis. In the remaining 35 corneal buttons, between 30 and 100 endothelial cell nuclei from each button were counted for the analysis.
Cell counting results were tabulated in a spreadsheet and the Student Figure 1 ). Donor cells were distributed throughout the corneal sections in a seemingly random fashion.
Donor-derived keratocytes were found with a proportion ranging from 4 to 95%, with no significant correlation of donor keratocyte survival with graft age (Figure 2 ). The lack of correlation with graft age (time period within the recipient cornea) persisted after stratification of the data along gender, graft transparency (8 cases), recipient age, and indication for the initial transplant. In 33% of cases (17 cases), donor keratocytes persisted for more than 10 years after transplantation and in one patient with a transparent graft, 65% of keratocytes counted were donor-derived 32 years postoperatively.
Analysis of endothelial cells from 35 corneal buttons revealed 9 cases in which donor endothelial cells were completely replaced by recipient endothelium, 24 cases in which donor and recipient endothelial cells co-existed, and 2 cases in which only donor-derived endothelium was present (Table 1) . In cases where both donor and recipient endothelial cells corneas) and in patients older than the mean age of 64.7 years at the time of explantation (p = 0.03, 16 corneas). Additionally, these variables were correlated as female recipients in this study (age 70.6 ± 10y, mean ± SD) were significantly older than male recipients (59.6 ± 17y; p = 0.006).
Ten of the explanted corneal buttons in this study were removed for reasons other than edema.
Of these, two were removed due to suture-related infection, five were completely transparent buttons removed due to intractable astigmatism and three were transparent except for small, localized scars on the visual axis. Eight grafts therefore exhibited general stromal transparency and endothelial compensation. As seen in Table 1 and in Figures 2 and 3 , the frequency of donor-derived keratocytes and endothelial cells in these eight grafts did not generally differ from those of edematous, decompenstated grafts. No clear trend in donor cell survival with graft age was noted in this small sample of transparent grafts.
Keratoconus patients in this study were significantly younger (54.5 ± 14y) than those with edema as an initial indication for transplantation (72.1 ± 13y; p = 0.001), and the survival time of the original transplant was significantly longer for keratoconus (158.9 ± 104 mos) compared to edema (27.8 ± 16 mos; p < 0.001). Similarly, the seven patients with pseudophakic bullous keratopathy as an initial indication for transplantation tended to be older (75.6 ± 8y) with a relatively short time interval until re-operation (36.7 ± 24 mos).
Although the seven patients with endothelial dystrophy also tended to be older (69.1 ± 9y), transplant survival time varied widely; however, in all seven of these cases the proportion of surviving donor keratocytes was high at the time of explantation (66 -93%).
Discussion
We have successfully performed the largest study to date using the FISH technique to analyze human corneal donor buttons after penetrating keratoplasty. In all 52 corneal buttons analyzed, complete epithelial replacement by recipient cells was observed, as early as 3 months postoperatively in one case and after 6 months in two cases. In earlier studies using the FISH technique, complete epithelial cell turnover was similarly observed to occur within six months to one year post-transplantation. While donor epithelial cells were quickly and completely replaced, the hypothesis that donor keratocytes and endothelium are gradually replaced over time 3, 4 could not be supported by the results of this study. Long-term survival of donor keratocytes and endothelium was observed despite a substantial variability in patient characteristics and presumed transplant conditions (initial operations having been performed across multiple centers over a 32-year period).
While a tendency for donor endothelial cells to be replaced over time was observed in patients over the age of 65, even within this group the long-term survival of a substantial proportion of donor endothelial cells was found in some patients (Table 1) . Furthermore, the presence of eight transparent grafts in this study -exhibiting similarly variable long-term survival of donor keratocytes and endothelial cells -suggests that donor cells may survive in the long term in most corneal transplants, including successful ones.
The results of this study differ most notably from those reported by Wollensak and Green, who concluded that all cell types of the corneal transplant tended to be replaced by recipient cells in the long term. 4 Both the small sample size that was used (14 buttons) and the retrospective nature of the study (where archived samples were used for analysis) may in part account for the discrepancy with the present results. In the present study, corneal buttons were obtained prospectively, with fresh specimens used for analysis in all cases. The time from removal of the original donor button to cellular analysis in this study did not exceed more than a few days.
Our findings support the contention that donor keratocytes and endothelial cells can survive in the transplanted cornea indefinitely, a theory supported by earlier animal experiments. [10] [11] [12] [13] [14] [15] Prior to this study, the longest period donor keratocytes have been reported to survive within a transplanted cornea was 6.5 years; 16 our findings suggest that individual keratocytes (or keratocytes derived from a single source cell) may remain in the corneal stroma for life.
While damaged donor keratocytes can be replaced by cell division in primates, 17 it is unclear whether the donor keratocytes observed in this study were original or have been replenished through cell division.
As endothelial cells do not generally proliferate mitotically, 18 donor endothelial cells observed in this study were likely original and some of these cells may be expected to persist in the transplant for life. These findings contradict those of Espiritu and co-workers, 19 who observed complete replacement of donor endothelial cells in rabbits after 7 months using the sex chromatin method, and Dohlman 3 who reported the disappearance of isotopically-labelled endothelial cells in rabbits 10 days after transplantation. Methodological limitations in these earlier studies, however, have been noted. 10, 11 The findings in this study are in agreement with experiments conducted by several investigators, 10, 11, 14 who observed donor endothelial cell survival in rabbits for 12 to 21 months using both radio-labelling and sex chromatin methods.
Previous studies of corneal transplantation in cats, 20 rabbits, 11, [13] [14] [15] 21 and more recently in mice, 22 have suggested that the long-term presence of donor-derived endothelial cells and keratocytes may be a necessary condition for graft transparency and long-term survival, as opaque grafts are typically characterized by invading recipient cells, vascularization, and a conspicuous paucity of donor cells. Our observations of significant proportions of surviving donor keratocytes and endothelial cells in grafts having remained transparent and avascular for long periods appear to support the observations of these earlier studies. Notably, in one study Polack and colleagues 11 used radio-labelling to study donor cell survival in grafted rabbit corneas, and concluded that the scar tissue in failed, opaque grafts was "primarily of host origin". In grafts that remain transparent and avascular, it has been speculated that the immune privilege of the cornea may protect donor cells for long periods within the graft, 20 whereas in highly vascularized tissue, such as skin grafts, donor cells do not survive. 4, 11 Another possible explanation for the long-term persistence of donor cells that cannot be excluded is the potential existence of donor stem cells within the graft. Although the presence of stem cells was not investigated in this study, the future testing of explanted buttons with suitable stem cell markers could address this hypothesis.
Although in the present study donor keratocytes and endothelial cells survived in the long term, the proportion of surviving donor cells was subject to considerable individual 
